A magnetorheological fluid squeeze-mode isolator is proposed to improve the vibration isolation performance of a subway floating slab track system. However, it is difficult to carry out the test for the full-scale track vibration isolation system in the laboratory. The research is based on scale analysis of the floating slab track system, from the point view of the dimensionless of the dynamic characteristics of physical quantity, to establish a small-scale test bench system for the magnetorheological fluid isolators. A small-scale magnetorheological fluid device with squeeze mode is designed, and its performance is tested. The experimental results showed that the squeeze-mode magnetorheological fluid Isolators can provide a large range of damping force for energy dissipation with a small amount of input electric power. The major parameters of a small-scale test bench are obtained according to the similarity theory. The force transmissibility ratio and the relative acceleration transmissibility ratio are selected as evaluation index of system similarity. Furthermore, a test bench is built according to the small-scale model parameter analysis. The experimental studies showed that the bench testing results were consistency with that of theoretical model in evaluating the vibration force and acceleration. Therefore, the small-scale study of magnetorheological track vibration isolation system based on similarity theory reveals the isolation performance of a real slab track prototype system.
Introduction
Passive isolation devices using steel springs and rubber isolators have been applied in the subway floating slab track (FST) system for vibration control (Li et al., 2016) . However, the performance of passive isolation system is less effective at low frequencies (especially below 10 Hz). These low-frequency vibrations affect the human comfort and instrument function (Liu et al., 2013; Zhu et al., 2015) more significantly since vibration at low frequency is propagated farther and weakened more slowly than the vibration at high frequency (Hunaidi and Tremblay, 1997) . Therefore, adopting controllable stiffness and damping device in the subway FST vibration system, such as magnetorheological (MR) isolators, would have an important research value and significance in applications.
Since the vibration displacement of track is in millimeter range, the squeeze-mode MR isolator is reasonable to be selected. In recent years, the squeeze-mode MR isolators have been studied by many scholars. Stanway et al. (2000) presented an MR damper operated in the squeeze-flow mode. The testing results showed that by employing the squeeze-mode MR damper, a wide range of control can be exercised over the transmissibility of a vibration system. Sims et al. (2001) have studied the squeeze-mode MR isolator, obtaining the relationship between the force transmission rate and the vibration displacement. Liao et al. (2010) proposed a kind of small displacement magnetorheological fluid (MRF) damper model based on the disk squeeze mode in accordance with the technical requirements of engine vibration isolation system. Gong et al. (2014) designed an MRF-based damper which worked in the squeeze mode. Experimental results showed that the maximum damper force increased quickly with the increase in the current in coil. Recently, Chen et al. (2016a Chen et al. ( , 2016b experimentally investigated the behavior of MRFs in the oscillatory squeeze mode and presented a theoretical model to address the field-dependent force and dynamic stiffness of an MR mount in vehicle applications. However, researches on the design and application of the squeeze-mode MR devices for the subway FST isolation are few.
To develop a new vibration isolator for the subway FST system, a full-scale study is essential. But it is difficult to carry out at laboratory for its high cost and uneasy to operate (Coutinho et al., 2016) . However, simple geometric similarity cannot reflect the dynamics of the actual systems. Thus, similarity research based on the dimensionless analysis is an effective way to solve problem of large-scale modeling. Polley and Alleyne (2004) used dimensional analysis theory to build scale models to study dynamic modeling of a vehicle tire. Liu et al. (2009) applied the similarity theory to study a small-scale Yongjiang bridge. Foglia and Ibsen (2013) used small-scale tests and element test methods to find the force-displacement relationships in the design of bucket foundations for offshore wind turbine. Yang et al. (2016) adopted similarity theory to build a test method for load shedding of large bridge cranes to support the safety assessment crane structure system. However, few researches have been done with similarity theory to study subway FST system.
In this article, a small-scale study based on similarity theory has been carried out to develop an MR track vibration isolator for a subway FST system. Based on dimensionless analysis, through the model analysis method, dynamic simulation, and bench test, the vibration isolation performance of an FST system is experimentally studied with the model analysis.
The small-scale slab track system based on MRF isolators
Since the real track vibration system is more complex, the short-type FST is adopted as an example to carry out the similar modeling research of isolation system. By applying excitation force to the floating slab between wheel and rail, the short-type floating slab could be considered as an integrated mass (Cui and Chew, 2000) . The equivalent mechanical system of a single short-type FST is shown in Figure 1 .
In the model study, we make the following assumptions: (1) the subway train is considered as a complex moving vibration source, providing excitation force to floating slab through the wheel and rail; (2) only the vertical load of the train in the straight sections of the track was studied; (3) the length of short-type floating slab is generally \6 m, and it can be regarded as a rigid body; and (4) the foundation mass is infinite.
Dynamic model of isolation system
According to Kuo et al. (2008) , the main reasons causing the wheel-rail vertical force are the irregularity of the track. So, a series of sinusoidal load and static load are used to simulate the wheel-rail excitation force. The dynamic load F v ðtÞ of single floating slab at different frequencies is written in the vector form as follows
where A F i is the dynamic load amplitude of single floating slab under the action of frequency v i . Vertical vibration isolation state equation of a short-type FST system at each frequency is
where ½M, ½C, ½K, fF vi ðtÞg, f € X i ðtÞg, f _ X i ðtÞg, and fX i ðtÞg are the scalar matrix of the floating slab mass m, the scalar matrix of damping c, the scalar matrix of stiffness k, load vector, acceleration vector, velocity vector, and displacement vector, respectively. The initial condition of the state equation is
Thus, the displacement vector fX i ðtÞg, velocity vector f _ X i ðtÞg, and acceleration vector f € X i ðtÞg of the state equation can be solved by equations (2) and (3). The force vector fF T i ðtÞg that transmitted to the foundation is shown in equation (4) 
Structure of MRF vibration isolator
Because the vibration displacement of subway track is very small and a squeeze-mode MR vibration isolator can provide a large adjustable force for vibration isolation with small amplitude (Wang and Liao, 2011) , an MRF vibration isolator based on the squeeze mode is developed and built in the research. The schematic structure of the proposed MRF isolator is shown in Figure 2 . The MRF isolator is mainly composed of upper and lower steel plates, iron core, MRF, baffle ring, and coil. The upper steel plate is connected with floating slab and is able to squeeze the sealing cavity of rubber filled with MRF when vibration occurs. The MRF would keep in-plane flowing with extrusion of the upper plate when the external force is applied. The coils are used to generate the excitation current and can provide a variable magnetic field to the MRF. The damping of MRF isolator can be changed by the magnetic field, and it is controllable in a wide range of vibration frequency.
Similarity analysis
Large vibration isolation testing is difficult to achieve in the laboratory, but the test is essential, so it is necessary to design a model test apparatus. In order to correct the disparity between the test model and the actual prototype, we use the similarity theory based on dimensionless analysis method to design the model parameters, so that the model test can reflect the objective laws of the project and facilitate the experimental verification.
It is assumed that the dynamic physical quantities of characterization system are floating slab mass m, dimension of isolator l, the average density of vibration isolators r, stiffness of vibration isolation system k, damping of vibration isolation system c, excitation force amplitude A f , excitation force frequency v, time t, slab vibration displacement x, slab vibration velocity _ x, and slab vibration acceleration € x. And mass M, length L, and time T are regarded as basic dimensions. So, the dimensional matrix of FST vibration isolation system is shown in Table 1 .
It is assumed that uðm; l; r; k; c; A; v; x; v; aÞ = 0. According to dimensional homogeneous principle, p = m n 1 l n 2 r n 3 k n 4 c n 5 A n 6 v n 7 x n 8 v n 9 a n 10 may be configured as a dimensionless quantity. Thus, n i ði = 1; 2; . . . ; 10Þ is the solution of Kn = 0, and K is the dimensional matrix. The p matrix of the system can be obtained by solving this dimensional matrix. It is shown in Table 2 .
Thus, the corresponding dimensionless quantity of the p matrix of the system is Table 2 . p matrix of the system. 
It is assumed that the test system parameters after modeling are floating slab mass m i , the small-scale dimension of isolator l i , the average density of smallscale vibration isolators r i , stiffness of vibration isolation system k i , damping of vibration isolation system c i , excitation force amplitude A i , excitation force frequency v i , slab vibration displacement x i , slab vibration velocity v i , and slab vibration acceleration a i . Supposing the parameter ratios of actual system to a bench model test system are
Because the vibration is most significant in the vicinity of the natural frequency of isolation system, it is required the natural frequency ratio equal to the input excitation frequency ratio of the two systems letting W v = e. Because in the actual system, the floating slab mass is large, and the vibration displacement of the floating slab is small, if both the mass and displacement scale in the same proportion, the test model is clearly unreasonable. Thus, setting
The other similarity constants can be obtained simultaneously from equations (5) to (7)
Evaluation index of system similarity In order to determine whether the two systems have similarities, we compared the force transmission rate and floating slab vibration relative acceleration transmission rate of two systems in different frequencies:
1. Force transmission rate h F i : the ratio of amplitude of force that transmitted to the foundation A F T i to excitation force amplitude A F i in the excitation frequency v i
2. Relative acceleration transmission rate h € x i : the ratio of floating slab vibration amplitude A € x i to excitation acceleration amplitude A i in the excitation frequency v i
MRF isolator design and analysis
Magnetic circuit design
The basic principle of magnetic circuit design is to select the material with high permeability and to set up the appropriate structure size. The magnetic flux can be generated enough to maximize the magnetic induction intensity in the working area of MRF isolator. Based on the structure of squeeze-mode MRF isolator shown in Figure 2 , the structure and parameters of the magnetic circuit are shown in Figure 3 , where the magnetic circuit is divided into seven parts: R 1 ; R 2 ; R 3 ; R MRF ; R 4 ; R 5 ; and R 6 . Figure 4 is the structure of equivalent reluctance of the magnetic circuit. R 1 is the reluctance of the upper steel plate. R 2 is the reluctance of top cover reluctance. R 3 is the reluctance of extrusion gap. R MRF is the reluctance of MRF. R 4 is the reluctance of outer retaining ring. R 5 and R 6 is the reluctance of the lower steel plate. The reluctance of the upper steel plate is where L 4 and D 1 are the thickness and outside diameter of the upper steel plate, m 0 is the relative permeability of vacuum, and m D is the relative permeability of core.
The reluctance of top cover reluctance is
where D 5 is the outer diameter of inner retaining ring, D 6 is the outside diameter of electromagnetic coil, and L 3 is the thickness of the lower steel plate. The reluctance of extrusion gap is
where D 4 is the outside diameter of rubber ring, D 7 is the inside diameter of inner retaining ring, m b is the relative permeability of the squeeze gap material, and L 2 is the width of the coil. The reluctance of MRF is
where D 3 is the diameter of extrusion working area, m MRF is the relative permeability of the MRF, and h 2 is the thickness of the isolator.
The reluctance of outer retaining ring is
where D 2 is the outside diameter of vibration isolator and h 1 is the thickness of the MRF. The reluctance of the lower steel plate is
where R 5 = R 1 and R 6 = R 2 . The total reluctance ðR total Þ of the magnetic circuit is
The basic parameters of MRF vibration isolator are shown in Table 3 .
The design of ampere turns of coil winding area
Winding coils with driving current can provide a working magnetic field for an MRF isolator. The magnetic particles are arranged in a chain in MRF along the direction of the magnetic field, so as to improve the ability of the vibration isolator to dissipate the external energy. The relationship between maximum current I max and wire diameter d is
By considering the parameter specification of the enamel-covered wire, the relationship between the section area and the maximum electric current is obtained. By fitting the relationship between the maximum electric current and the diameter of the enamel-covered wire, we obtained C 1 = 2.3502, C 2 = 0.0090, and C 3 = 0.0018.
The relationship between the size of the region of L 1 and L 2 and the maximum excitation ampere turns is
Combining equation (18) with equation (19)
where N is the number of turns of the coil and k is the correction factor which is selected as k = 0.8.
Analysis of the power consumption of the coils
Because the coil electricity will generate heat, excessive heat will not only lead to the MRF temperature rise too fast but also consume more energy. Therefore, the analysis of the power consumption of the coil is an important part of MRF isolator design. The heating power P w of the winding coil is
where I is the coil excitation current, R is the resistance of the electromagnetic coil, and NI = C. Then, coil resistance can be expressed as
where k 1 = rL=s, k 2 = k 1 =s, r is the wire resistivity, L is the wire length, S is the wire cross-sectional area, and D x is the distance between the center line of the isolator and the vertical center line of the winding area. Using equations (21) and (22), the relationship between the winding heating power and the winding structure is 
Equation (23) shows that under certain excitation ampere turns, the energy consumption of the vibration isolator is inversely proportional to the area of the winding area and proportional to the distance D x .
Optimization design and analysis
As an adjustable MR vibration isolator, the static and dynamic characteristics are not only related to the structural parameters of the isolator but also related with the magnetic field characteristics.
Therefore, in order to optimally design the MRF isolator, not only the structure is needed to be considered but also the magnetic field strength of the squeezing working area of the isolator is needed to be analyzed. The structure parameters of MRF vibration isolator have been obtained in section ''The small-scale slab track system based on MRF.'' According to the calculation of the third section formula and Table 3 , the range of the parameters of the winding area shown in Table 4 will be optimized.
Using Ansoft Maxwell to simulate the electromagnetic field of the MRF isolator, the winding area structure parameters can be calculated based on comparisons of a series of simulation results considering the power consumption of the MRF isolation device and the size of the winding wires. In total, six groups of representative results are given in this article, and the corresponding structural dimensions are shown in Table 5 . Figure 5 shows the magnetic induction intensity corresponding to the different turns. And it can be seen that no. 6 structure is significantly better than the other five structures.
According to the MR vibration isolator of no. 6 structure, the magnetic field distribution of the extrusion working area is further analyzed by Maxwell software, and the distribution of the magnetic induction intensity vector is obtained, as shown in Figure 6 . The average magnetic induction intensity of the squeezing working area further can be calculated under the condition of different excitation ampere turns, as shown in Figure 7 . With the increase in excitation ampere, average magnetic induction work area gradually increased, and the maximum average magnetic induction intensity was obtained in 1500 ampere turns.
Combined with power consumption, winding region, magnetic induction strength, and so on, no. 6 structure (1500 ampere turns) in Table 3 is selected for the design of MRF isolator.
The bench rest

Performance testing of MRF isolator
In order to validate the actual performance of the proposed MRF isolator, the isolator is fixed on the MTS 
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(produced by MTS Systems Corporation) for testing, as shown in Figure 8 . The current in the coil is provided by a DC electrical source, and the current can be adjusted to provide a suitable magnetic field density in the isolator. The test is taken out to gain the relationship between the isolator force and the displacement under different amplitudes, frequencies, initial positions, and currents. The excitation provided by MTS is sinusoidal.
The testing parameters include current, amplitude, initial position, and frequency. The current is set as 0, 0.1, 0.2, 0.3, 0.4, and 0.5 A, respectively. In total, two amplitudes of 0.3 and 0.6 mm are selected in the sinusoidal tests. The initial position is set as 0, 20.4, 20.8, and 21.2 mm (''2'' represents that the displacement is lower than the balance position), respectively. The frequency is set as 0.2, 1.0, and 2.0 Hz, respectively. In this article, we only presented some typical results of the sine displacement excitations with a frequency of 2.0 Hz and amplitudes of 0.3 and 0.6 mm to show the force performance of the MRF isolators that can be controlled by an applied magnetic field.
Curves for damping force versus times under different currents are shown in Figure 9 , and the frequency, amplitude, and initial position are 2.0 Hz, 0.6 mm, and 0.0 mm, respectively. The maximum damping force increases rapidly along with the increase in the current. It can be seen that the peak force increases from 1400 (the current is 0 A) to 3800 N (the current is 0 A). Curves for damping force versus displacement under different currents (0, 0.2, 0.5 A) and initial position are shown in Figure 10 . The frequency and amplitude are 2 Hz and 0.3 mm, respectively.
The area of the hysteresis curves stands for the ability of energy dissipation. With the increase in the current in the coil, the damping forces increase and the areas surrounded by the curves also increase. That is to say, the isolator can absorb more energy. It can be seen in Figure 10 (a) that when the frequency, amplitude, and initial position are 2.0 Hz, 0.3 mm, and 20.4 mm, the vibration isolator mainly shows the damping characteristics, and the peak damping force of the vibration isolator can achieve 886 N. Curves for frequency of 2.0 Hz, amplitude of 0.3 mm, and initial position of 20.8 mm are shown in Figure 10 (b), and the peak damping force of the vibration isolator can achieve 1030 N. Curves for frequency of 2.0 Hz, amplitude of 0.3 mm, and initial position of 21.2 mm are shown in Figure 10 (c). It shows that the vibration isolator can achieve 3084 N. The vibration isolator presents different stiffness characteristics under different initial positions.
The test of small-scale track isolation system
The bench test devices are shown in Figure 11 . The excitation force is provided by the vibration motor, vibration frequency of the motor is adjusted by the frequency converter, four MR vibration isolators are installed under simulated floating slab, and the force sensors are mounted separately under the isolators, and four acceleration sensors are installed above the floating slab. The parameters of the bench device are shown in Table 6 .
After filtering the data measured by the sensor, the force transmitted to the foundation and the vibration acceleration in the experiment are compared with theory analysis. Testing of the small-scale track isolation system with four MRF isolators had been carried out using a vibration motor, and the vibration frequency of the motor was adjusted by the frequency converter. Thus, it can generate a large range of frequencies from 0.1 to 100 Hz. The resonant frequency of the track isolation system was around 24 Hz. The comparison of the force transmitted to the foundation is shown in Figure 12 (a). The comparison of the vibration acceleration is shown in Figure 12(b) . And the results illustrating these values at the vibration frequency of 28 Hz have a good consistency. Adjusting the converter makes the motor vibrate at different vibration frequencies, and theoretical values of the force transmissibility ratio and relative acceleration transmissibility ratio are calculated based on equations (9) and (10). To test whether the performance of MRF isolator is the same as that of passive isolator and whether it meets the condition of fail-safe with 0 A excitation, the experimental tests of the passive isolator which is mentioned in section ''Structure of MRF vibration isolator'' were also conducted on the small-scale track isolation system. The comparison of the force transmissibility and the relative acceleration transmissibility is shown in Figure 13 (a) and (b), respectively.
As it can be seen from Figure 13 , the performance of MRF isolator with 0 A excitation is better than that of passive isolator under the same vibration condition. It illustrates that the proposed MRF isolator meets the condition of fail-safe. And the trend of experimental results is similar to that of theory when the current excitation is 0 A. After 1 A current was applied to the MRF isolator, the force transmissibility and the relative acceleration transmissibility were significantly reduced. Thus, slab track system with controllable squeeze-mode MRF isolators can reduce the vibration damage in a large frequency range.
Due to the influence of production, installation of bench test parts, and sensor measurements, the test measurements and theoretical calculations cannot completely match with each other. But the values have a good consistency, so it can be further improved by developing the bench test device.
Conclusion
1. The similarity theory based on the dimensionless analysis is adopted to study vibration performance of a subway FST system using MRF isolators. The relationship of bench test simulation system and a small-scale MR vibration isolation system is investigated reflecting the dynamics of the real physical dimension. By simulating comparison, the similarity of the actual prototype and simulation model of multiple dynamic indexes in theory is verified. 2. A prototype MRF isolator is designed in the squeeze mode, and its performance is characterized by MTS. The experimental results show that the squeeze-mode MRF isolators can provide a large range of damping force for energy dissipation with a small amount of input power. With the increase in initial position, the stiffness increases obviously. 3. A small-scale track MR vibration isolation platform system is built according to the designed parameters of the model. With the different vibration conditions, the theoretical calculation and bench measurements of acceleration transmissibility and force transmissibility are compared. The results show a good consistency in reflecting that small-scale benches test can reveal the main vibration isolation performance of short-type vibration isolation FST prototype system. Further improvement in bench unit is expected to improve the results of experimental measurement with theoretical study.
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